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In Brief
Fisher et al. use expert taxonomic
knowledge to estimate global species
richness on coral reefs. Uncertainties
were strongly right skewed, indicating
that more species on coral reefs is more
plausible than fewer. These methods and
results should guide future estimates of
global species richness for coral reefs
and other ecosystems.
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Summary
Global species richness,whether estimatedby taxon, habitat,
or ecosystem, is a key biodiversity metric. Yet, despite the
global importance of biodiversity and increasing threats to
it (e.g., [1–4]), we are no better able to estimate global species
richness now than we were six decades ago [5]. Estimates of
global species richness remainhighlyuncertain andare often
logically inconsistent [5]. They are also difficult to validate
because estimation of global species richness requires
extrapolation beyond the number of species known [6–13].
Given that somewhere between 3% and >96% of species on
Earth may remain undiscovered [4], depending on the
methods used and the taxa considered, such extrapolations,
especially from small percentages of known species, are
likely to be highly uncertain [13, 14]. An alternative approach
is to estimate all species, the known and unknown, directly.
Using expert taxonomic knowledge of the species already
described and named, those already discovered but not yet
described and named, and those still awaiting discovery, we
estimate there to be 830,000 (95% credible limits: 550,000–
1,330,000) multi-cellular species on coral reefs worldwide,
excluding fungi. Uncertainty surrounding this estimate and
its components were often strongly skewed toward larger
values, indicating that many more species on coral reefs is
more plausible than many fewer. The uncertainties revealed
here should guide future research toward achieving conver-
gence in global species richness estimates for coral reefs
and other ecosystems via adaptive learning protocols
whereby such estimates can be tested and improved, and
their uncertainties reduced, as new knowledge is acquired.Results and Discussion
The utility of eliciting knowledge from expert taxonomists in
estimating global species richness has been previously6Present address: Department of Agriculture and Food, Western Australia,
3 Baron-Hay Court, South Perth, WA 6151, Australia
*Correspondence: j.caley@aims.gov.aurecognized and exploited (e.g., [15, 16]) and is underpinned
by their extensive knowledge of what is currently known about
the taxa they study and, just as importantly, what is currently
unknown. Typically, expert taxonomists are very knowledge-
able about the number of species described and named in
their focal taxa. Because of this familiarity and their need to
be familiar with the global collections that are the primary
resource for their taxonomic research, they typically have
extensive knowledge of who has collected what, where, and
how comprehensively; the return on effort in terms of new spe-
cies discovered when newly, or poorly, sampled localities
and/or habitats are subjected to additional sampling by them
and their peers; and the volume of previously collected
material worldwide awaiting further taxonomic analysis. An
elicitation process can capture the knowledge of taxonomists
about what they know and their knowledge about what re-
mains to be discovered and can encode this in statistical dis-
tributions that reflect their uncertainty [17]. By eliciting modal
values and uncertainty for all components of global species
richness—the described and named, the discovered but not
yet described and named, and the not yet discovered—we
can assemble a central estimate and uncertainty around it.
Hereafter, we refer to these three components of species rich-
ness as named, discovered but unnamed, and undiscovered
species, respectively.
Although such an approach can be applied to all ecosys-
tems in order to build up a global estimate of richness for all
species on the planet, we begin here by estimating a baseline
for global species richness on coral reefs using expert knowl-
edge elicited from many of the world’s foremost taxonomists
studying coral reef species. We then illustrate how the uncer-
tainty associated with these estimates can be used to guide
future research in achieving convergent species richness
estimates.
We elicited the knowledge of 62 expert taxonomists during
97 surveys. We sought estimates of species richness for taxa
in which they were knowledgeable. Typically, these taxono-
mists were very well credentialed. The majority (>85%) of
them had >10 years of professional experience as taxono-
mists. These elicitations provided species richness estimates
for 39 higher-level taxa (e.g., genus and above) that included
w91% of all currently described marine species of Animalia
andw77%of Plantae and Chromista combined [18] (WoRMS).
The actual percentages of taxa on coral reefs for which we eli-
cited estimates are likely to be greater than these values
because not all taxa listed in WoRMS occur on coral reefs.
Because WoRMS does not list habitat affiliations, it is not
currently possible to estimate the true extent of this conserva-
tism. With the exception of fungi, multi-cellular species-rich
taxa hosted by coral reefs were well represented in this set
of expert elicitations (Figures 2 and S3).
Based on the knowledge elicited from these expert taxono-
mists, we estimate there to be 830,000 (95% credible interval:
550,000–1,330,000) species of multi-cellular plants and ani-
mals on coral reefs worldwide (Figure 1). This global species
richness estimate consists of 70,000 (95% credible interval:
60,000–90,000) named species, compared to 230,000 (95%
credible interval: 190,0002280,000) named species across all
marine habitats. It also includes 110,000 (95% credible
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Figure 1. Estimates of Global Coral Reef Species Richness Summed across
Multi-cellular Taxa
Each solid curve depicts a probability density function encoded from infor-
mation elicited from expert taxonomists to represent their estimate of the
number of species on coral reefs in four categories: named species, discov-
ered but unnamed species, undiscovered species, and total number of coral
reef species. The dotted curve depicts the probability density function for all
namedmarine species elicited from these same taxonomists. The remaining
curves only incorporate data elicited for each of the highest nodes in the
taxonomic hierarchy of coral reef species. Horizontal lines below each curve
indicate 95% credible intervals of each estimate. See also Figures S1–S3.
501interval: 80,000–170,000) discovered but unnamed species
and 620,000 (95% credible interval: 370,000–1,140,000) undis-
covered species. Based on these central point estimates,
approximately 32%of all namedmarine species occur on coral
reefs, less than 9% of all multi-cellular species on coral reefs
have been named, an additionalw13% have been discovered
but not named, andw74%of species remain to be discovered.
There is considerable uncertainty around all these point esti-
mates from which these percentages were calculated. There-
fore, the uncertainty of these percentage estimates needs to
be acknowledged as well. In descending order of species rich-
ness were Nematoda, Isopoda, Mollusca, Copepoda, Turbel-
laria, Halacaroidea, Polychaeta, and Amphipoda (Figure 2).
Several of the most well-studied taxa (e.g., corals (Scleracti-
nia) and fishes (Pisces) [19]) contributed very little to this global
estimate (Figure 2). Indeed, some of the taxa estimated to have
the most species had some of the smallest proportions of
named species (Figure 2). Typically, uncertainties around
these estimates were strongly asymmetric, frequently display-
ing substantial right skew. In general, the credible intervals of
these estimates indicate that for many taxa (Figure 2) and all
taxa combined (Figure 1), much larger numbers of species
are more plausible compared to many fewer, but this pattern
does not hold for every taxon. For example, the skew for Iso-
poda, Hydrozoa, and Kinorhyncha are reversed (Figures 2
and S3), indicating that for these taxa fewer species is more
plausible than more. Moreover, for a few taxa, such as fishes
(Pisces), corals (Scleractinia), and peanut worms (Sipuncula),
the taxonomy is disproportionately complete; for a large num-
ber of others it is approximately half finished; and for others,
including many of the most speciose taxa, it is disproportion-
ately incomplete (Figure 3A). As the number of species esti-
mated that remain to be discovered increases, the uncertainty
surrounding these estimates also increases (Figure 3B), at
least in part, because species richness of more speciose
taxa will be more difficult for taxonomists to estimate than
the species richness of species poor taxa.Our estimate of global species richness for coral reefs sits
within, but toward the lower bound, of the most recent esti-
mates [20] and provides tighter plausible bounds. Based on
our estimates here, <9% of all coral reef species appear to
have been named, which is also toward the lower bound of
estimates of individual taxa reviewed by [4]. These estimates
indicate that coral reef species may be substantially less well
known than other taxa, but differences in methodologies
cannot yet be excluded as a potential source of some of these
differences. Furthermore, given the strong right skew of the
credible bounds around most of the component estimates re-
ported here, particularly for undiscovered species, future re-
finements of these estimates aremore likely to increase, rather
than decrease, the estimated number of species inhabiting
coral reefs worldwide. Currently, though, there are no esti-
mates for other taxa that estimate uncertainty in the way we
have done here. Therefore, it is not yet possible to compare
the degree of skew in uncertainties around these richness
estimates for coral reef taxa with any other taxa. However,
asymmetrical uncertainties have also been reported for arthro-
pods [21–23] and taxa in European seas [24], indicating that
asymmetrical uncertainties may be a common feature of
global species estimates in which the methods used are
capable of identifying such patterns of uncertainty.
Although our estimates are consistent with some recent es-
timates of coral reef species richness (e.g., [20]), they are at
odds with recently published estimates of global species rich-
ness for all marine species. Our lower credible interval limit of
550,000 exceeds, and hence is at odds with, a recent estimate
of 300,000 marine species globally [7]. Our 95% credible inter-
val also completely overlaps another recent estimate of all
marine species based on a more informal approach to eliciting
expert taxonomic knowledge [15]. In contrast, our estimate of
global species richness on coral reefs as a percentage of all
marine species [13] is slightly larger (i.e., 38%after the removal
of taxa not present in both this study and [13]) than the propor-
tion of all marine species (i.e., 35% [10]) and all marine fishes
(e.g., 31% [25]) estimated previously.
Ultimately, the validity of our species richness estimates re-
lies on howwell the experts were able to estimate species rich-
ness for the taxa about which they were surveyed. Although
our protocol was based on current best practice [17], valida-
tion of our results would require close-to-complete inventories
of the world’s coral reef taxa or key taxa that contributed most
to our estimates (Figure 3). Currently, such inventories remain
beyond reach [26, 27]. Nonetheless, our estimates provide an
explicit and direct estimate of the global species richness on
coral reefs based on currently available knowledge from taxo-
nomic experts and direct estimation of the number of species
awaiting discovery and/or taxonomic description.
Even in the absence of complete inventories to validate
them, our estimates of coral reef species richness, especially
considered in the context of the estimated uncertainties
around them, are likely to be reasonably robust for several rea-
sons. Estimates elicited from the same taxonomists by
different elicitors were quite consistent (w15%difference; Fig-
ure S1). In a few cases, experts on the same taxa were avail-
able for elicitation. Given the large uncertainties surrounding
these estimates, some differences among experts must be ex-
pected. Nonetheless, estimates provided by these taxono-
mists were relatively consistent, averaging 42% difference
among experts (Figure S2). This less than one order of magni-
tude average difference between estimates within taxa com-
pares very favorably with the more than four orders of
Figure 2. Estimated Number of Coral Reef Spe-
cies by Taxon
The left-hand panel shows the relative proportion
of each component of total species richness
(i.e., named species, discovered but unnamed
species, and undiscovered species) for each
higher-order taxon summed to achieve our global
estimate. The taxa are displayed in ascending
order according to estimated total species rich-
ness. Black dots indicate the proportion of
named coral reef species relative to all named
species across all marine habitats. The black ver-
tical line illustrates themean proportion of named
species across all coral reef taxa (i.e., 0.32). The
right-hand panel shows the probability density
functions encoding expert taxonomist estimates
of the total number of species on coral reefs for
that taxon summed across all components and
subcomponents. See also Figures S1–S3.
502magnitude difference among taxa. Furthermore, if we apply
this average among-expert difference to our estimated total
(830,000 species), the total estimate could be as low as
480,000 or as high as 1,180,000 coral reef species. This lower
value falls just slightly below our lower 95% credible limit,
whereas the upper value is within our 95% credible bounds.
The robustness of our estimates is also supported by the sim-
ilarity of the ratios of named/(discovered but unnamed plus
undiscovered) species from some well-known taxa, such as
fishes, in our study (87%) and that of other studies (79% [28]
and 70% [29]). The taxon with the largest percentage uncer-
tainty was the Nematoda.
Irrespective of how well, or how poorly, our estimates agree
with others, these comparisons reinforce several notions.
Consensus regarding the number of species in major ecosys-
tems has not yet emerged [5]. Uncertainty around these esti-
mates is still very large, and no matter which estimate might
be favored, there is little understanding of the extent, or the
sources, of uncertainty that surrounds them that can be
compared to the results we have presented here. Hence, this
situation highlights the need to improve our abilities to esti-
mate these values and to focusmore on estimating uncertainty
of global species richness estimates. The methods we have
used here have numerous advantages over previous methodsused for estimating global species rich-
ness. A key advantage is that the
conceptual model and the correspond-
ing statistical model both explicitly
acknowledge the sources of uncertainty
encountered when enumerating species
richness and directly estimating the
number of species not yet included in
the total number of named species.
By adopting the broad subjective
view of probability underpinning the
elicitation protocol used here, we obtain
several additional advantages. Initial es-
timates, derived in this way, represent
the current state of knowledge, which
is a useful contribution in itself. Whether
others agree with the estimates and
their associated uncertainties from
these particular taxonomists is in some
ways unimportant. These estimatesprovide explicit baselines that should be used to motivate
future studies designed to improve on them. There are also
many ways such improved estimates could be achieved. For
example, the estimates presented here can be used to
construct informative priors in subsequent attempts to esti-
mate species numbers, which can in turn be updated as new
data and estimation methods become available [30–32]. There
are also a number of potential biases in these estimates that
could be better understood, and with this improved under-
standing, the estimates improved. For example, synonymy,
where one species is givenmultiple names, has been a consid-
erable problem for estimating species richness (e.g., [4, 33,
34]), but as methodologies improve and taxonomic work pro-
gresses, the problem of synonymy continues to diminish
rapidly [15]. Synonyms have recently been estimated to be
approximately 5% of recently named marine species [15]. As
synonyms continue to be recognized and removed from esti-
mates of total species richness, it will be possible to update
our understanding of how synonymy affects the estimates pre-
sented here and in other studies. Similarly, for very species-
rich taxa with small proportions of named species and only a
single expert taxonomist available for elicitation, any personal
bias of an expert to over- or underestimate the richness of that
taxon will be disproportionately influential on the predicted
AB
Figure 3. Relationships between Taxon-Specific Estimates of the Number
of Named and Unnamed Species and the Coefficients of Variation of These
Estimates
(A) The total number of unnamed species (discovered but unnamed + undis-
covered) relative to the number of named species and their 95% credible in-
tervals. The solid line indicates 50% of species named. The upper and lower
dashed lines indicate 25% and 75% of species named, respectively. Taxa
for which the 95% credible intervals fall below this region are relatively
well studied (solid gray dots and lines), whereas those above are relatively
poorly studied (open dots and lines).
(B) The number of unnamed species for a taxon relative to its coefficient of
variation. The 25% of taxa with the greatest number of unnamed species
and their coefficients of variation (upper-right corner) are shown as open
dots and are nominated as high priority taxa for further study. The 25% of
taxa with the smallest number of unnamed species and their coefficients
of variation (lower-left corner) are shown as gray dots and are nominated
as low priority taxa for future study. Only taxa beyond this region of both
panels are labeled.
See also Figures S1–S3.
503total across all taxa. If additional taxonomists can be elicited,
or as the taxonomy for these groups becomesmore complete,
richness estimates for these taxa can also be updated. Alter-
natively, discounting estimates for some taxa that are the
largest and most uncertain could be explored. Through these
various processes of updating these estimates, adaptive
learning can be facilitated and a staged progression toward
convergent and logically coherent estimates can be achieved.
Beyond any advantages specific to estimating global spe-
cies richness on coral reefs, this approach is also easily
adaptable to the many situations in which estimates of spe-
cies richness will be required for taxa for which the taxonomy
is substantially incomplete, as well as to other situations in
which estimates of the number of categories in a hierarchy
are desirable. Indeed, this approach would be generally
applicable to enumeration of any population, where theenumeration of sub-populations is subject to different
sources of uncertainty.
Finally, the approach illustrated here reveals the extent and
distribution of uncertainties around point estimates of global
species richness (Figure 3). These patterns of uncertainty
can and should be exploited in order to understand where
the greatest gains are likely to be made when targeting new
research. By directing future research toward taxa with the
largest proportion of undiscovered species and the greatest
uncertainties, we are more likely to hasten convergence in
global estimates of species richness. Targeting of uncertain
components of species richness ought to be even more effec-
tive if this research can be coupled with recent advances in
protocols for robustly eliciting expert knowledge [17, 35, 36]
and evaluating the quality of expert knowledge [37] when
combining assessments across multiple sources [38].
Experimental Procedures
Elicitations
We defined a coral reef species as any multi-cellular species obligately
associated with a coral reef habitat during at least one phase of its life.
Our definition of coral reefs included any structure built or covered by stony
corals (Scleractinia) and located within the photic zone. We also included
coral-reef-associated habitats such as seagrass/macroalgal habitats and
coral rubble and sand habitats closely associated with coral structures.
We obtained estimates of global species richness for coral reefs from
expert taxonomists following published protocols [17]. We began by
anchoring estimates for coral reef taxa by eliciting the number and associ-
ated uncertainties of named species in all marine habitats globally for each
coral reef taxon for which species richness estimates were sought [17].
These estimates bound the upper estimates of the possible number of
currently named species on coral reefs.
Parameter elicitation for coral reef taxawas implemented based on an un-
derlying conceptual model of total species richness of any taxon Nt, where
t = 1,. T taxa, being the sum of the species already named (Vt), those that
have been discovered but remain unnamed (or currently bear an incorrect
name; Dt), and those that remain undiscovered (Ut):
Nt =Vt +Dt +Ut: (Equation 1)
The discovered but unnamed component Dt was subdivided as
Dt =Ct +Mt +Gt; (Equation 2)
whereCt indicates cryptic species (sympatric but genetically distinct),Mt in-
dicates morphospecies (morphologically distinct species), and Gt indicates
genetically distinct species (morphologically indistinct species that can be
separated into allopatric populations using genetic methods) [17].
Before estimating the number of undiscovered species (Ut) in their focal
taxa, each taxonomist was led through a standard series of explanations
and questions. We began by discussing the main reasons why a species
might not yet have been sampled, including insufficient sampling of the hab-
itats sampled, insufficient sampling of the range of habitats that might host
species of their focal taxa, and insufficient sampling of locations within
geographic ranges. We then asked the taxonomist, based on their knowl-
edge of the sampling of their focal taxa, to estimate how well or how poorly
a particular taxon had been sampled overall and, based on this assessment
and their knowledge of return on effort from additional sampling, to estimate
the number of species left to discover in their focal taxa. This procedure is
described in further detail in [17].
Total uncertainty is also additive, leading to
VarðNtÞ=VarðVtÞ+VarðCtÞ+VarðMtÞ+VarðGtÞ+VarðUtÞ: (Equation 3)
In estimating each of Nt and Var(Nt), we assumed that each component
and their subcomponents was independent and together they formed a
finite partition of Nt and Var(Nt) separately and so describe all contributions
to Nt and Var(Nt), respectively.
All elicitations were done using face-to-face interviews with one taxono-
mist at a time. Immediate graphical feedback was provided to them
following the published protocols and software of [17]. Based on this feed-
back, experts were given the opportunity tomodify their estimates until they
504were satisfied that their knowledge had been appropriately recorded.
For consistency across multiple experts and taxa, it was important to
follow the same protocol with each expert. This protocol was designed to
control for important cognitive biases and other sources of possible impre-
cision [17]. Control was achieved using a modified protocol previously
developed to elicit habitat suitability [39, 40] but modified to adequately
capture skewed ranges of plausible estimates where present [17]. Where
possible, we elicited information for a single taxonomic group frommultiple
experts.
Fitting Probability Distributions and Combining Estimates
Estimates provided by an expert either as percentages or multiplicative fac-
tors of the number of named species were first converted to numbers and
were then encoded using a normal, log-normal, or mirror-log-normal distri-
bution, where the choice of distribution was based on optimal goodness of
fit [17]. For estimation of total species richness, estimates and their uncer-
tainty were combined or averaged in three ways: (1) estimates for compo-
nents and subcomponents provided by each taxonomist for each taxon
were combined to provide an estimate for that taxon, (2) where knowledge
was elicited frommultiple taxonomists for a particular taxon, their estimates
were averaged, and (3) estimates for all taxa were combined to provide an
estimate of Nt. Expected values, variances, and probability estimates
were estimated using simulations of 1 million random samples.
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